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ABSTRACT DNA duplexes with or without mismatches
and with or without adenine-methylated GATC sequences were
prepared from separated strands of bacteriophage A DNA and
used to transfect Escherichia cofi. Unmethylated heteroduplex-
es containing one or more repairable mismatches transfect cells
with a functioning mismatch repair system less efficiently than
they transfect cells deficient in mismatch repair. No difference
is observed when the duplexes contain no mismatch or a poorly
repaired mismatch or when the heteroduplexes are fully or
hemimethylated. These results and the phenotypes of E. coil
dam mutants suggest that the E. colh mismatch repair system
may introduce double-strand breaks in unmethylated DNA at
or near repairable mismatches.

The Escherichia coli mismatch repair system is able to
recognize noncomplementary base pairs in DNA and acts,
apparently via localized excision and resynthesis, to replace
mispaired bases (see ref. 1 for review). Regions of DNA in
which GATC sequences are fully adenine-methylated appear
to be refractory to mismatch repair (2, 3), and it appears to
be the transient undermethylation of newly synthesized
GATC sequences in the region immediately following the
replication fork that allows mismatch repair to operate only
on newly synthesized strands and, thereby, to remove
replication errors (1-5).

E. coli deficient in adenine methylation (dam) have been
found to have a mutator phenotype (6), as would be expected
if mismatch repair occurs on either strand of unmethylated
DNA-i.e., is undirected-or does not operate at all on
unmethylated DNA. The results of experiments utilizing
artificially constructed heteroduplexes of bacteriophage X
DNA introduced into E. coli cells by means of CaCl2-
mediated transfection have shown that mismatch repair can
operate on either strand of unmethylated DNA (3, 5, 7).
Although, theoretically, undirected mismatch repair

should have the same effect on mutation frequencies as no
mismatch repair, the spontaneous mutation frequency ofdam
mutants, which have undirected mismatch repair, is lower
than that of mutH, mutL, mutS, or mutU single mutants or
dam mut double mutants, all of which are deficient in
mismatch repair (1-5, 7-9). Since polymerase errors presum-
ably occur with roughly equal frequency in dam, mut, and
dam mut cells and since the mismatch repair system does not
appear to be able to distinguish mutant and wild-type strands
when both are unmethylated, it may be that the action of the
mismatch repair system on some fraction of the replication
errors occurring in dam cells causes cell death, such that
presumptive mutants are selectively lost from the population
(1, 8). Such mismatch-stimulated killing would account for
the findings that dam mutants are more sensitive than
wild-type bacteria to base analogs, ethyl methanesulfonate,
N-methyl-N'-nitro-N-nitrosoguanidine, methyl methanesul-
fonate, and UV irradiation, and that these sensitivities can be

alleviated by the addition of a mut mutation, which renders
the dam cells deficient in mismatch repair (1).
The experiments reported here were designed to allow a

direct demonstration of mismatch repair-dependent loss of
the ability to form infective centers after transfection-i.e.,
inactivation-of mismatch-containing DNA heteroduplexes.
Separated strands of unmethylated bacteriophage X DNA
were annealed to form duplexes with and without base-pair
mismatches. These DNA molecules were used to transfect
wild-type and mismatch repair-deficient (mut) bacteria. The
relative transfection efficiencies of X DNA duplexes with and
without mismatches in wild-type and mut bacteria indicate
that mismatch repair-dependent inactivation of mismatch-
containing DNA does occur.

MATERIALS AND METHODS
X phages with sequenced mutations in the C1 gene were
obtained from Franklin Hutchinson (Yale University). Pro-
cedures for strand preparation, annealing, and transfection
have been described (7).
Unmethylated DNA is prepared from phages grown in dam

(deficient in adenine methylation) bacteria, GM 33 (6). Fully
methylated DNA is prepared from phages grown in a
methylase-overproducer strain (10). [The GATC sequences
in X DNA prepared from phages grown in wild-type E. coli are
only -75% methylated (2).]
The assay for inactivation of mismatch-containing DNA

heteroduplexes-i.e., loss of the ability to form infective
centers in transfection assays-involves mixing annealed
DNA, with or without mismatches, with phenol-extracted
DNA of X imm434. Aliquots of the mixtures are used in
transfections ofwild-type and mut bacteria. Transfected cells
are plated, before lysis, to form infective centers. Individual
infective centers are transferred to plates seeded with C600,
which plates all phages used in these experiments, and C600
(X imm434), which does not plate X imm4". Inactivation is
detected as a decrease in the fraction of infective centers
derived from heteroduplex DNA in transfections ofwild-type
bacteria relative to transfections of mut bacteria.

RESULTS AND DISCUSSION
It has been suggested that undirected mismatch repair might
cause cell death by making double-strand breaks in DNA (1,
8). This idea is supported by the findings that dam recA
double mutants are inviable, whereas dam recA mut triple
mutants are viable (8, 11). [Double-strand break repair in E.
coli requires recA gene product (see ref. 12).]

If double-strand breaks are the mechanism of mismatch-
stimulated killing, and if the mismatch repair system acts in
a comparable way on X DNA heteroduplexes, the effect
should be detectable as a decrease in the transfection effi-
ciency ofunmethylated mismatch-containing heteroduplexes
in transfections of wild-type cells relative to transfections of
mismatch repair-deficient cells. It is conceivable that double-
strand breaks could be created by simultaneous, or nearly
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simultaneous, nuclease attack on both strands of a single
mismatch or, alternatively, by overlapping excision tracts
from two relatively close mismatches. To allow the detection
ofheteroduplex inactivation by either mechanism, unmethyl-
ated heteroduplexes were prepared with three closely spaced
repairable mismatches.
The experiments reported here involve measuring the

difference between transfection efficiency of mismatch-con-
taining DNA heteroduplexes in wild-type and mismatch
repair-deficient (mut) bacteria. To provide an internal stan-
dard against which efficiency can be measured, the hetero-
duplex DNA is mixed with phenol-extracted DNA from
phages (X imm434), which can be distinguished genetically
from the phages from which heteroduplex DNA is prepared.
The multiplicity of transfection is low, such that infective
centers contain phages derived from only one DNA molecule
(7). Relative transfection efficiency is defined as the ratio of
the number of heteroduplex-derived infective centers to the
number of X imm434-derived infective centers. (Relative
transfection efficiency depends on the particular mix of
DNAs used and is therefore useful only for purposes of
comparison between transfections using the same DNA

mixture.) Survival is defined as the ratio of the relative
transfection efficiency in wild-type cells to that in mut cells.
Inactivation is defined as (1 - survival).
The data are presented in Table 1. Each point has been

confirmed in at least one separate experiment, most often
with at least one different strand preparation.
The data in Table 1 (line 1) indicate that unmethylated

heteroduplexes containing three mismatches are inactivated
in wild-type cells relative to cells deficient in mismatch
repair. To eliminate the possibility that the inactivation is due
to some artifact introduced by the strand separation and
annealing procedures, unmethylated DNA duplexes without
mismatches were prepared from separated strands under
conditions identical to those used to prepare heteroduplexes.
No inactivation can be detected when these duplexes are
used in the transfection mix (line 10). If the heteroduplexes
are either fully adenine-methylated, which inhibits mismatch
repair (2, 3), or hemimethylated, which restricts mismatch
repair to the unmethylated strand (1-5), inactivation is
virtually eliminated (lines 2 and 3). Thus, it appears that the
mismatch repair system acts to inactivate unmethylated
mismatch-containing DNA.

Table 1. Inactivation of mismatch-containing DNA heteroduplexes by the E. coli mismatch repair system

Transfected bacteria

Wild type mut % %
Heteroduplex HET* 434t HET/434 ratio HET* 434t HET/434 ratio survival inactivation

-A-T-T-1 162 717 0.23 422 411 1.03 22.3 77.7

-A-T-T-1 (me) 397 400 0.99 421 379 1.11 89.2 10.8
-C-G-G-r

-A-T-T-1 (me) 688 812 0.85 573 692 0.83 102.4 <0
-C-G-G--r (me)

T-T-1 154 545 0.28 337 363 0.93 30.1 69.9

-C-C 1 240 577 0.42 465 435 1.07 39.3 60.7
A-A- r

-A 1 238 494 0.48 451 344 1.31 36.6 63.4
-C r

G 1 341 459 0.74 465 335 1.39 53.2 46.8
-T r

- T 1 396 666 0.59 559 541 1.03 57.3 42.7
-G r

- T 1 729 635 1.15 736 660 1.12 102.6 <0
-C r

1 410 388 1.06 388 510 0.76 139.5 <0
r

The 1 strands of heteroduplexes in lines 1-3 are XSP27 cI857 indi and the r strands are Xc+. Mismatch positions are (from
left to right): base-pair (bp) 26, bp 199, and bp 352 (13, 14). Heteroduplexes in lines 4 and 5 are reciprocal heteroduplexes
between Xc+ and XcI857 ndl (1 strand in line 4 is XcI857 indi). Heteroduplexes in lines 6 and 7 are reciprocal heteroduplexes
between XSP27 cI857 indi and XcI857 ndi (1 strand in line 6 is XSP27 c1857 indi). The 1 strands of the heteroduplexes in
lines 8 and 9 are XcI857 indi. The r strand in line 8 is XBL80 cI857 indi (13). The r strand in line 9 is XSP39 c1857 indi (13).
Both mismatches are at position 58. The T<G mismatch is well repaired and the T C mismatch is poorly repaired (unpublished
observations). The DNA duplex in line 10 was prepared from separated strands of XSP27 cI857 indi. DNA strands are
unmethylated unless otherwise indicated (me). Wild-type cells are E. coli C600 (see ref. 7) and Mut cells are E. coli C600
mutL(mut211):TnS constructed by P1 transduction from ES 1293 (15). Similar results are obtained in mutH and mutS
bacteria (data not shown).
*Infective centers derived from strand-separated bacteriophage X DNA.
tInfective centers derived from nondenatured DNA of X imm43'.
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To estimate the number of mismatches necessary for
inactivation, heteroduplexes with one or two repairable
mismatches were constructed and tested for inactivation.
The data (Table 1, lines 4-8) suggest that the mismatch repair
system can inactivate heteroduplexes with only a single
mismatch. However, we cannot exclude the possibility that
the heteroduplexes used in these experiments contained
hidden or silent mismatches that were phenotypically unde-
tectable but subject to mismatch repair. The finding that
heteroduplexes with poorly repaired mismatches are not
inactivated (line 9) indicates that hidden repairable mismatch-
es are not a common feature of heteroduplexes and suggests
that inactivation is not simply due to the presence of a
mismatch in the heteroduplexes but rather reflects some
consequence of the typical action of the mismatch repair
system.

Inactivation of heteroduplexes with a single repairable
mismatch could be the result of a double-strand break
produced by simultaneous, or nearly simultaneous, nuclease
attack on opposite strands at the site of the mismatch. An
alternative possibility, suggested by the finding that the
mismatch repair system in vitro appears to initiate repair
synthesis in the vicinity of GATC sequences (16), is that
inactivation, even for heteroduplexes with a single mismatch,
is the result of a double-strand break produced by overlap-
ping excision tracts initiating on opposite strands at GATC
sequences flanking the mismatch.
The observation that the spontaneous mutation frequency

of dam mutants is less than that of dam mut double mutants
(8) may, as discussed above, reflect the selective loss of
presumptive mutants from the cell population. However, the
finding that dam recA double mutants are not viable (6, 8)
suggests that a substantial fraction of presumptive lethal
lesions-i.e., products of the action of the mismatch repair
system on unmethylated DNA-are normally repaired by
some recA-dependent repair system and do not cause cell
death. If the mismatch repair system acts to introduce
double-strand breaks at or near a mismatch in the DNA of
dam cells, it may be that the double-strand breaks can be
repaired by recombination, which would presumably require
the recA gene product (1, 12). Mechanisms of recombination
involving double-strand breaks in the DNA have been pro-
posed (17). It may be that all mismatch repair in those
organisms that lack adenine methylation in their DNA (e.g.,
eukaryotes) is undirected and occurs immediately behind the

replication fork via a pathway involving a double-strand
break at the site of the mismatch followed by recombination
with the intact sister chromatid to restore the parental
sequence. Those mismatch repair events that terminate with
crossing-over would produce sister chromatid exchanges.
The sequenced mutants used in this study were provided by Dr. F.
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